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1. Experimental details

1.1 Materials

Thiacalix[4]arene-p-tetrasulfonate (TCAS) was prepared using a method reported in previous
studies [1]. The stock solution factor was evaluated by the molar ratio method based on the
formation of the Ni's TCAS, complex. Stock solutions of Ni'l, Tb'™, and Gd"™ were prepared by
dissolving NiCl>*6H>0, Tb(NO3)3* 6H20 and Gd(NO3)3*6H>O (Kanto Chemical Co., Ltd.,
high-purity reagents), respectively, in nitric acid (HNO3). The concentration factor was
determined using a reliable chelatometry method [2]. Poly(ethyleneimine) (PEI, branched, M,
= 25,000, Sigma Aldrich 408727) was purchased from Merck KGaA, Darmstadt. 2-[4-(2-
Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) was obtained from Dojindo
Laboratories, Kumamoto. High-purity nitric acid (Fuji Film Wako Pure Chemical Corporation),
hydrochloric acid, sodium hydroxide, and ammonia water (Kanto Chemical Co., Ltd., special
grade) were used to adjust the pH. Sodium chloride (Kanto Chemical Co., Ltd., special grade)
was used to adjust the ionic strength. Super-special-grade hydrogen peroxide was obtained from
Fuji Film Wako Pure Chemical Corporation. Phosphorus pentoxide (P2Os) was obtained from
Kanto Chemical Co., Ltd. (special grade) and used as a desiccant. The MCF-7 cells were
obtained from the Institute of Development, Aging, and Cancer, Tohoku University (Japan).
The cell culture medium, RPMI 1640 containing l-glutamate, fetal bovine serum (FBS),
penicillin-streptomycin (PS), and 0.25% trypsin-EDTA solution were purchased from Thermo
Fisher Scientific Inc. Dulbecco's Phosphate-Buffered Saline without calcium or magnesium,
PBS(-), was obtained from Fuji Film Wako Pure Chemical Corporation. For cytotoxicity assay,
Cell Counting Kit-8 (CCK-8, Dojindo) was used. For live/dead cell imaging, a CellStain
Double Staining Kit (Dojindo) containing 1 mM calcein-AM in DMSO and 1.5 mM propidium
iodide (PI) in water was used. For organelle staining, Hoechst 33342 and LysoPrime Green
(Dojindo Laboratories) were used. To inhibit endocytosis, methyl-B-cyclodextrin and sucrose
(Fujifilm Wako Pure Chemical Corporation) were employed. Diethylenetriamine-
N,N,N',N",N"-pentaacetate gadolinium(IIl) dihydrogen salt hydrate (Gd-DTPA, 97%, Sigma-
Aldrich) was purchased from Merck KGaA. Deionized water prepared using an Elga
PURELAB Chorus2+ was used in this study.
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1.2 Equipment

The pH measurements were performed using an HM-30V indicator (Toa DKK Corporation)
equipped with a GST-5425C glass electrode (Toa DKK Corp.). A ultrasonic homogenizer UH-
50 (50 W, SMT Co., Ltd., Tokyo) equipped with a probe MS-3 (3 mm o0.d.) was used to disperse
the nanogel. Dynamic Light Scattering (DLS) measurements were performed using a nano
Partica SZ-100 instrument (HORIBA, Ltd.) with a four-sided transmissive disposable cell and
an optical path length of 1.0 cm. For { potential measurement, a dedicated carbon electrode cell
was used. Centrifugation was performed using an AS185 apparatus (As One Corporation) and
a Sorvall ST 8R centrifuge (Thermo Fisher Scientific, Inc.). Elemental analyses were performed
using an iCap 6500 ICP-AES instrument (Thermo Scientific Inc.) or an Agilent 8800 Triple
Quadrupole ICP-MS (Agilent Technologies). For 'H relaxivity measurement, Bruker Minispec
Mq20 (0.47 T, 20 MHz, 37 °C) was used. Bright-field and fluorescence images were obtained
using an sSCMOS camera FLOYD-200 (Wraymer Inc.) attached to an OLYMPUS polarization
microscope BX51 with a liquid immersion objective lens (40 %), an OLYMPUS U-MWU2
fluorescence mirror unit, and an excitation filter (330-385 nm). ImageJ software was used for
processing and analysis of microscope images, [3]. For cytotoxicity assay using CCK-8, a Bio-
Rad iMark Microplate Reader was used with a 96-well flat bottom microplate. Neutrons were

irradiated using the Kyoto University Research Reactor.

1.3 Procedure

1.3.1 Preparation of 1 mM Ln3TCAS> Solution:

To a 5 mL volumetric flask, 0.01 M Ln(NOs)3 solution (Ln: Gd or Tb) and a 0.01 M TCAS
aqueous solution were added to achieve final concentrations of [Ln] = 3.0 mM and [TCAS] =
2.0 mM, respectively. To this mixture, 5.0 M ammonia solution was added to the mixture to

adjust the pH to 10. The solution was then brought to volume with water and allowed to stand

at 60 °C for 24 hours to afford 1.0 mM LnsTCAS: solution.
1.3.2 Preparation of PEI solutions
PEI (1-100 mg) was dissolved in ultrapure water to a volume (10.0 mL) to afford PEI solutions

0f 0.1-10.0 g/L. The pH was then adjusted to 7.0 by adding conc. HCI.

1.3.3 Preparation of Nanogel
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While stirring 5.0 mL of the PEI solution at 2200 rpm, 1.0 mL of a 1.0 mM LnsTCAS: solution
was added, and stirring was continued for 5 minutes. The mixture was then sonicated at
20+2°C for 30 minutes, followed by centrifugation at 10000 rpm for 20 minutes. After
removing the supernatant, the precipitate was redispersed in 1.0 mL of ultrapure water to obtain

the LnsTCAS:—PEI nanogel solution.

1.3.4 Particle Size and Zeta Potential Measurements

The nanogel solution was diluted threefold and adjusted to match the composition of either 10
mM HEPES or PBS buffer. Particle size and { potential were then measured. The sample was
stored at 37 °C and remeasured the following day. Particle size was reported as the average

diameter corresponding to the peak of the intensity-weighted size distribution.

1.3.5 Weight Measurement of Nanogel

Weighing bottles were dried at 80 °C for 1 hour, cooled in a desiccator for 30 minutes, and
weighed. This process was repeated three times to ensure a constant weight. The entire volume
of the nanogel solution was transferred into the weighing bottle, and dried overnight in a
desiccator together with a dish containing P>Os powder. After drying, the same weighing
process was repeated, and the difference from the empty bottle was recorded as the mass of the

LnsTCAS.—PEI nanogels.

1.3.6 Determination of Ln amount in Nanogel

The amount of LnsTCAS: loaded in the nanogels was determined using ICP-AES or ICP-MS.
To the weighing bottle containing the dried nanogels, 2 mL of concentrated nitric acid and 2
mL of hydrogen peroxide were added. The mixture was evaporated to dryness overnight at
95 °C. The residue was dissolved in 400 pL of 5 M nitric acid, diluted to 20 mL with ultrapure

water in a volumetric flask, and further diluted to prepare the sample for analysis.

1.3.7 Calculation of Ln;TCAS:> Loading Efficiency and Loading Capacity
The loading efficiency (LE) and capacity (LC) were calculated using Eq. (1) and (2),
respectively [4].

LE% = (Amount of Ln in nanogel [mol])/(Amount of Ln in the solution to prepare

nanogel [mol])x100% (1)
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LC% = (Weight of Ln3TCAS; in nanogel [g])/(Weight of nanogel [g])x100% (2)

The Ln amount in the nanogel was determined using the procedure described above. The weight

of the Ln;TCAS: installed in the nanogel was calculated using the Ln amount.

1.3.8 Determination of Th;TCAS:> Leakage Rate:

TbsTCAS-—PEI nanogel solutions (N = 3) were diluted with PBS to [Tb] =25 uM and incubated
at 37 °C for 24 h. After incubation, a 6 mL aliquot was transferred to a centrifuge tube equipped
with a 10,000 MWCO membrane and centrifuged at 7000 x g for 10 minutes. The resulting
filtrate (4 mL) was transferred to a 5 mL volumetric flask, followed by the addition of 0.1 mL
of concentrated nitric acid and deionized water to bring the volume to 5 mL. The terbium
concentration in the solution was then quantified using ICP-AES. The leakage rate was

calculated using Eq. (3).

Leakage rate = (Tb concentration in the supernatant)/(Initial Tb concentration in the

nanogel solution)>x100%, 3)

1.3.9 'H relaxivity measurement

After determining the Gd concentration of the Gd;TCAS,—PEI nanogel solution by ICP-AES,
the solution was diluted to [Gd] = 1.0 mM in 10 mM HEPES solution (pH 7.4) to obtain a
specimen. The solution was further diluted with 10 mM HEPES solution (pH 7.4) solution and
subjected to the Bruker Minispec Mq20 to measure longitudinal (771) and transverse (73)
relaxation times. For the GdsTCAS, complex, a stock solution of Gd;TCAS; ([Gd] = 1.0 mM)
was prepared in 10 mM HEPES (pH 7.4), which was diluted with 10 mM HEPES solution (pH
7.4) for T1 and 7> measurements. The inversion recovery and Carr-Purcell-Meiboom-Gill
sequences were used to measure 71 and 7>, respectively. The longitudinal and transverse
relaxivities (75, i = 1 and 2, respectively) were estimated by fitting Eq. (S1) to the dependence

of the relaxation rate (R; = 1/7;) on the total Gd concentration in the sample solutions.

Ri=Rio+r[Gd] (i=1,2). (S1)

1.3.10 Cell Subculturing
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The cells were cultured in an RPMI 1640 medium containing 10% FBS and 2.5% PS at 37 °C
in a humidified air atmosphere containing 5% CO.. Subculturing was conducted when the cells
reached 70-80% confluency. For passaging, the medium in the culture flasks (25 cm? of
adhesion area) was removed, and 5 mL of PBS was gently added and washed, followed by the
removal of PBS three times. After 1 mL of trypsin/EDTA was added and the cells were
incubated for 2 min, they were detached from the adhesive surface. Then, 4 mL of fresh medium
was added and the entire volume was transferred to a centrifuge tube. After centrifugation at 4
°C and 1,500 rpm for 3 min, the supernatant was removed, and 1.2 mL of fresh medium was
added. A new culture flask was prepared, and 5 mL fresh medium and cell suspension were

added and incubated.

1.3.11 Cell counting
Cell counts were determined by injecting 10 pL of cell suspension into each chamber using a
C-Chip Disposable Hemocytometer (NanoEnTek Inc.), observing with an inverted microscope,

and counting the number of cells.

1.3.12 Fluorescent microscope imaging of the cells

In a culture dish with a bottom diameter of 35 mm, a cell suspension containing 1.0 x 10°
cells/mL was inoculated in a volume of 2 mL and incubated overnight. After the incubation
period, the culture medium was aspirated and the cells were subjected to a sequential double
wash with 1 mL of PBS to eliminate the residual wash solution (unless stated otherwise, the
cell washing protocol remained constant). Subsequently, a solution comprising the medium and
TbsTCAS;-loaded nanogel was combined to achieve a volumetric ratio of 9:1. This resulted in
the formulation of the test solution ([Tb] = 25 uM), which was subsequently applied at 2 mL.
Post a 24 h incubation, the supernatant was aspirated, and the cells were washed with PBS.
After washing, 1 mL of PBS was added, and the cells were examined under a fluorescence

microscope to acquire fluorescent images.

1.3.13 Determination of cellular uptake of Gd;TCAS>-loaded nanogel:

In a 6-well plate, a cell suspension with a concentration of 1.0 x 10° cells/mL was seeded at 2
mL and incubated overnight. Following incubation, the culture medium was removed and the
cells were washed with PBS. Subsequently, a solution of the medium versus Gd;TCAS;-loaded

nanogel solution with a volume ratio of 9:1 was prepared and added to 2 mL to obtain a test



7/22

solution ([Gd] = 12 and 25 uM). After a 24 h incubation, the supernatant was removed, and the
cells were washed with PBS. After washing, 1 mL of trypsin/EDTA solution was added and the
cells were incubated for 2 min to detach them from the adherent surface. Following detachment,
I mL of medium was added to the plate, and the suspension was collected in a 15 mL centrifuge
tube. This process was repeated twice, followed by centrifugation (4 °C, 1,500 rpm, 3 min).
After centrifugation, the supernatant was completely removed, and 500 pL of PBS was added
to the cell suspension. A portion of the collected cell suspension was used for cell counting,
while the remainder was transferred to sample tubes, followed by the addition of 2 mL of
concentrated nitric acid and 2 mL of hydrogen peroxide. The mixture was evaporated and dried
overnight at 95 °C. The dried material was dissolved in 5 M nitric acid (100 pL), and the
solution was diluted to volume with pure water using a 5 mL volumetric flask. The resulting
measurement solutions were analyzed using ICP-AES. The cellular uptake rate of Gd was

calculated using the following equation:

Cellular uptake rate (%) = (Amount of Gd introduced into cells [mol])/(Amount of Gd
added to the medium [mol])x100 4)

1.3.14 Cell Viability Measurement

A cell suspension with a concentration of 2.5 x 10* cells/mL was seeded in flat-bottom 96-well
plates at 100 uL/well and incubated overnight. Subsequently, the culture medium was removed,
and a test solution ([Gd] = 0—100 uM) with a medium to GdsTCAS;-loaded nanogel solution
volume ratio of 9:1 was mixed and added at 100 pL/well. After a 24 h incubation, CCK-8
solution was introduced at 10 pL/well, followed by a 3 h colorimetric reaction at room
temperature. The absorbance of each well was measured using a microplate reader at 450 nm.
The cell survival rate was calculated using Eq. (S2) below, where Ac, Ao, and Ay represent the
absorbance under conditions of Gd concentration C uM, 0 uM, and PBS-only background,

respectively.
Cell Viability = (Ac — Av)/(Ao — Ab) * 100% (S2)
1.3.15 Viability Assessment

PBS (5 mL), Calcein-AM stock solution in DMSO (10 pL), and PI stock solution in water (15

uL) were combined in a 15 mL centrifuge tube to create a staining solution for live and dead
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cells. Cell seeding was carried out following the procedure outlined in the "/.3.12 Fluorescent
microscope imaging of the cells.” The Gd3TCAS>—PEI nanogel solution was added to the
medium to achieve a concentration [Gd] = 0—100 uM. After a 24 h incubation, the cells were
washed with PBS and 1 mL of the staining reagent was added. Following a 30 min incubation,
the cells were washed with PBS, and 1 mL of PBS was added. Fluorescence microscopy was

used to observe cells and capture fluorescence images.

1.3.16 Investigation of Cellular Uptake Pathways of Gd3;TCAS>—PEI nanogel

(1) Endocytosis Inhibition: Following the protocol outlined in "1.3.12 Fluorescent microscope
imaging of the cells," cell seeding was performed. A test solution ([Tb] =25 puM) with a medium
to TbsTCAS>—PEI nanogel volume ratio of 9:1 was added at 2 mL. After a 4 h incubation at
4 °C, cells were washed with PBS. Subsequently, 1 mL of PBS was added, and the cells were
observed under a fluorescence microscope to capture fluorescence images.

(2) Clathrin-Mediated Endocytosis Inhibition [5]: A cell suspension with a concentration of 1.0
x 10° cells/mL was seeded in a 35 mm culture dish at a volume of 2 mL and incubated overnight.
After incubation, the culture medium was aspirated, and the cells were washed with PBS. Next,
2 mL of an inhibition solution with a medium to sucrose solution volume ratio of 8:2 ([Sucrose]
=0.45 M) was added. After a 0.5 h incubation, the supernatant was removed, and the cells were
washed with PBS. Subsequently, a test solution ([Tb] =25 uM) with a medium to TbsTCAS,—
PEI nanogel volume ratio of 9:1 was added at 2 mL. Following a 2 h incubation, the supernatant
was removed, and the cells were washed with PBS. After washing, 1 mL of PBS was added,
and the cells were observed under a fluorescence microscope to capture fluorescent images.
(3) Caveola-Mediated Endocytosis Inhibition Experiment [6]: A cell suspension with a
concentration of 1.0 x 10° cells/mL was seeded in a 35 mm culture dish and incubated overnight.
After incubation, the culture medium was aspirated, and the cells were washed with PBS.
Following this, an inhibition solution with a medium to methyl-B-cyclodextrin (MBCD)
solution volume ratio of 9:1 ([MBCD] = 10 mM) was added at 2 mL. After a 1 h incubation, the
supernatant was removed, and the cells were washed with PBS. Subsequently, a test solution
([Tb] = 25 uM) with a medium to TbsTCAS,—PEI nanogel volume ratio of 9:1 was added at 2
mL. After a 2 h incubation, the supernatant was removed, and the cells were washed with PBS.
After washing, 1 mL of PBS was added, and the cells were observed under a fluorescence

microscope to capture fluorescent images.
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1.3.17 Investigation of Intracellular Distribution

Cells were seeded and cultured overnight following the same protocol used for fluorescence
imaging of TbsTCAS-—PEI nanogels. After incubation, the culture medium was replaced with
fresh medium containing TbsTCAS:—PEI nanogel ([Tb] =25 uM), and the cells were incubated
for 24 hours. The lysosome staining solution was prepared by diluting LysoPrime Green 1:2000
in MSF buffer (5.4 mM KCl, 137 mM NaCl, 8.3 mM glucose, 0.44 mM KH>PO4, 0.33 Na,HPO4,
10 mM HEPES, 1 mM MgCls, 1 mM CaCl) [7]. The nuclear staining solution was prepared
by diluting a 1 mg/mL stock solution of Hoechst 33342 in PBS to a final concentration of 1
pg/mL. Subsequently, the culture medium was removed from the dish, and the cells were
washed with PBS. Lysosome staining solution (1 mL) was then added, followed by incubation
at 37 °C for 30 minutes. After removal of the staining solution and PBS washing, 1 mL of
nuclear staining solution was added, and the cells were left to stand in the dark at room
temperature for 5 minutes. Finally, the staining solution was removed, the cells were washed
with PBS, and 1 mL of PBS was added before fluorescence microscopy was performed to

acquire fluorescence images.

1.3.18 Neutron Irradiation Experiment

We followed the protocol recommended for in vitro boron NCT effect described in the literature
[8]. In a 6-well plate, a cell suspension with a concentration of 1.0 x 103 cells/mL was seeded
at 2 mL/well and incubated overnight. Following incubation, the culture medium was removed,
and the cells were washed with PBS. Subsequently, a solution of medium versus Gd-agent
solution, with a volume ratio of 9:1, was prepared and added at 2 mL to achieve a test solution
([Gd] = 12 or 25 uM). Gd agents, including Gd;TCAS;-loaded nanogel, Gd;TCAS, complex,
Gd-DTPA complex, and PBS (control), were utilized. After a 24 h incubation, the supernatant
was removed, and the cells were washed with PBS. After washing, 1 mL of trypsin/EDTA
solution was added and the cells were incubated for 2 min to detach them from the adherent
surface. Following detachment, 1 mL of medium was added to the plate, and the suspension
was collected in a 15 mL centrifuge tube. This process was repeated twice, followed by
centrifugation (4 °C, 1,500 rpm, 3 min). After centrifugation, the supernatant was completely
removed, and PBS (500 pL) was added to the cell suspension. The collected cell suspension
was diluted to a concentration of 2.0 x 10* cells/mL and 1 mL aliquot was transferred to four 2
mL cryotubes. Cryotubes were arranged on a PTFE table (Fig. S1) [8], and were irradiated by

thermal and epithermal neutrons using Kyoto University Research Reactor (1 MW, fluence:
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2.09x10'"-2.06x10'? thermal neutrons cm 2, 3.72x10'°-3.67x10!! epithermal neutrons cm2)
for a duration of 20 min (Table S1). Samples with varying neutron doses were placed upstream,
midstream, and downstream (Fig. S1). In addition, each irradiation session involved exposure
of two samples. The neutron dose was determined based on the radioactivity of the gold foils
affixed to the cryotube along the direction of the incidence of thermal neutrons [8]. y-Rays that
are not intended for GANCT were determined by thermoluminescent dosimeters (TLDs) placed

on the PTFE table (Table S1). The cell viability was estimated using a colony assay.
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Table S1 Neutron fluence and physical dose. ¥
Sample posi-  Au Fluence / cm™ Physical Dose / Gy
tion  foil  Therm n Epin Therm.n  Epi.n Fastn v ray Sum

Nanogel up front 1.92E+12 3.41E+11 2.56E-01 2.73E-02 1.90E-01 2.51E-01 7.24E-01
rear  8.00E+11 1.42E+11 1.07E-01  1.14E-02 7.90E-02 2.51E-01 4.48E-01

mid front 1.29E+12 2.30E+11 1.72E-01  1.83E-02 1.28E-01 2.51E-01 5.69E-01

rear  5.79E+11 1.03E+11 7.71E-02  8.22E-03 5.72E-02 1.57E-01 3.00E-01

down  front 7.11E+11 1.26E+11 9.48E-02 1.01E-02 7.02E-02 1.57E-01 3.32E-01

rear 2.43E+11 4.32E+10 3.24E-02 3.45E-03 240E-02 1.57E-01 2.17E-01

Gd;TCAS, up front 2.06E+12 3.67E+11 2.75E-01 2.93E-02 2.04E-01 2.58E-01 7.67E-01
rear 947E+11 1.68E+11 1.26E-01  1.35E-02 9.36E-02 2.58E-01 4.92E-01

mid front 1.04E+12 1.85E+11 1.39E-01 1.48E-02 1.03E-01 2.58E-01 5.14E-01

rear  4.88E+11 8.68E+10 6.50E-02 6.93E-03 4.82E-02 1.55E-01 2.75E-01

down  front 7.33E+11 1.30E+11 9.77E-02  1.04E-02  7.24E-02 1.55E-01 3.36E-01

rear  2.32E+11 4.12E+10 3.09E-02 3.29E-03 229E-02 1.55E-01 2.12E-01

Gd-DTPA up front 2.03E+12 3.62E+11 2.71E-01 2.89E-02 2.01E-01 1.73E-01  6.74E-01
rear  7.97E+11 1.42E+11 1.06E-01  1.13E-02 7.88E-02 1.73E-01  3.70E-01

mid front 1.24E+12 2.20E+11 1.65E-01 1.76E-02 1.22E-01 1.73E-01 4.78E-01

rear  4.66E+11 8.29E+10 6.21E-02 6.62E-03 4.60E-02 1.79E-01 2.93E-01

down  front 7.34E+11 1.31E+11 9.79E-02 1.04E-02 7.25E-02 1.79E-01 3.59E-01

rear  2.11E+11 3.75E+10 2.81E-02 2.99E-03 2.08E-02 1.79E-01 2.30E-01

Control up front 2.02E+12 3.60E+11 2.70E-01 2.87E-02  2.00E-01 2.18E-01 7.16E-01
rear  9.27E+11 1.65E+11 1.24E-01  1.32E-02 9.16E-02 2.18E-01 4.46E-01

mid front 1.26E+12 2.23E+11 1.67E-01  1.78E-02 1.24E-01 2.18E-01 5.27E-01

rear  4.75E+11 8.45E+10 6.34E-02 6.75E-03 4.70E-02 2.07E-01  3.24E-01

down  front 7.36E+11 1.31E+11 9.81E-02 1.05E-02 7.27E-02 2.07E-01  3.88E-01

rear  2.09E+11 3.72E+10 2.79E-02 2.97E-03 2.07E-02 2.07E-01  2.58E-01

a) Therm. n: thermal neutron, Epi. n: epithermal neutron, Fast n: fast neutron.
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1.3.19 Colony Assay

After irradiation, the cell suspensions were seeded at 10 pL/well in 6-well plates containing 2
mL of medium per well. The plates were then incubated at 37 °C for 14 d. Subsequently, the
culture medium was removed, and the cells were washed with PBS. Ethanol (1 mL/well) was
added, and the cells were fixed by allowing them to stand for 5 min before aspirating the
solution. Crystal violet (500 uL/well) was added, left to stand for 20 min, and removed. The
cells were washed with distilled water, air-dried, and individual colonies in each well were
counted using ImageJ software [3]. The cell viability was estimated by dividing the number of

colonies by the number of colonies in a sample with no neutron irradiation.
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2. Estimation of the charges of PEI and Ln3;TCAS: in the nanogel formation step

The concentrations of charges on PEI and the Ln;TCAS: complex during gel preparation were

estimated as follows (Ln = Tb):

I. The repeating unit of PEI was assumed to be "-
(NHCH2CH>NHCH:CH2N(CH2CH2NH2)CH2CH>)-," (Fig. 1) based on prior reports
indicating a ratio of one primary, two secondary, and one tertiary amine in a branched PEI [9].
It was also assumed that the pK, values of these amines are independent of the degree of
protonation of PEI. The pK, values of the protonated PEI amines used were 4.5 (primary), 6.7
(secondary), and 11.6 (tertiary) according to the literature [10].

II. The concentration of positive charges contributed by protonated PEI amines was estimated
as follows (Table S2):

1) First, the molar concentrations of primary, secondary, and tertiary amines were calculated
from the PEI concentration (g/L) used during gel preparation, based on the molecular weight
(168 Da) of the repeating unit and the number of amines per unit.

i) Next, using the pH of the gel solution and the respective pK, values, the fractions of
protonated amines were determined.

ii1) Multiplying these values yielded the concentrations of protonated amines, and their sum

gave the total concentration of positive charges from PEI.

III. The concentration of negative charges from LnsTCAS: was calculated by multiplying its

molar concentration by 7, corresponding to the complex’s net charge.

IV. Finally, the net charge was determined by subtracting the total negative charge from the

total positive charge.

The results indicated that the positive charge, predominantly contributed by protonated tertiary

amines, consistently exceeded the negative charge from LnsTCAS..
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Experimental Conditions

pH of the gel solution
error (n = 3)

PEI
Concn. in the gel preparation step / g L™
1) Concn. of amino groups / M
primary
secondary
tertiary
ii) Mol fraction of protonated NH*
primary
secondary
tertiary
iii) Concn. of NH" /M
primary
secondary
tertiary
Total positive charge / M

Th3TCAS;
Concn. in the gel preparation step / M
Total negative charge / M

Net charge / M
Positive — Negative

PEI solution used / g L!
0.1 0.5 1 2 2.5 5 10
9.9%* 9.85 9.47 8.87 8.64 8.13 7.68
+0.01 +0.06 +0.13 +0.08 +0.09 0.04
0.08 0.42 0.83 1.67 2.08 4.17 8.33
4.96E-04 2.48E-03 4.96E-03 9.92E-03 1.24E-02 2.48E-02 4.96E-02
9.92E-04 4.96E-03 9.92E-03 1.98E-02 2.48E-02 4.96E-02 9.92E-02
4.96E-04 2.48E-03 4.96E-03 9.92E-03 1.24E-02 2.48E-02 4.96E-02
0.000 0.000 0.000 0.000 0.000 0.000 0.001
0.001 0.001 0.002 0.007 0.011 0.036 0.095
0.980 0.983 0.993 0.998 0.999 1.000 1.000
2.0E-09 1.1E-08 5.3E-08 4.2E-07 9.0E-07 5.8E-06 3.3E-05
6.3E-07 3.5E-06 1.7E-05 1.3E-04 2.8E-04 1.8E-03 9.4E-03
4.9E-04 2.4E-03 4.9E-03 9.9E-03 1.2E-02 2.5E-02 5.0E-02
4.9E-04 2.4E-03 4.9E-03 1.0E-02 1.3E-02 2.7E-02 5.9E-02
1.7E-04 1.7E-04 1.7E-04 1.7E-04 1.7E-04 1.7E-04 1.7E-04
1.2E-03 1.2E-03 1.2E-03 1.2E-03 1.2E-03 1.2E-03 1.2E-03
-6.8E-04 1.3E-03 3.8E-03 8.9E-03 1.2E-02 2.5E-02 5.8E-02

*Not measured, but estimated by the PEI 0.5 (pH 9.85) and PEI 0 (i.e. TbsTCAS; solution of pH 10.0).
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3. 'H relaxivity

Longitudinal and transverse relaxation rates, R; = 1/7T; (i = 1, 2), were measured for GdsTCAS—
PEI nanogels and GdsTCAS: complexes over a range of Gd concentrations ([Gd] = 0-0.5 mM)
in 10 mM HEPES buffer (pH 7.4) at 37 °C (Figs. 3A and S2). Relaxivities (71, 72) were obtained
by fitting Eq. (S1) to the R; data (Table S3, Fig. 3B).

b
@ 3 rormmrome ® 3 r—sEIroaT
o5 [p2=09959 o5 [R2=09968
-2 2
1 )
A 1.5 \: 1.5
€ «
1 1
05 05 §
0 0
0O 01 02 03 04 05 06 0O 01 02 03 04 05 06
[Gd] / mM [Gd] / mM

Fig. S2 Dependence of relaxation rates R; (i = 1, 2) of water 'H for Gd;TCAS; solutions on
the Gd concentration measured in 10 mM HEPES at 0.47 T, 20 MHz, 37°C.

Table S3  Relaxivity of Gd;TCAS,—PEI nanogels and Gd agents (0.47 T, 37°C).

Agents ri/ mM!s! r/ mM!s! Ref.
Gd3;TCAS>—PEI nanogel 8.84 12.7 This work
Gd;TCAS; 4.49 4.96 This work
Gd;TCAS,-ANP 10.7 15.4 [11]
Gd-DTPA 34 4.0 [12]
Gd-DOTA 3.4 4.1 [12]

Hzobulk
Water exchange path

H Extremely Slow:

| Koy = (4.8 £0.7) x 10* s7*

.0
IR » CSoeBl = r* \H

Gd’,‘ Gd) éd ) Prototropy facilitated by hydrogen

A ST bonding with amino groups

Fig. S3  Water exchange and prototropic relaxation path.
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4. Time lapse of cellular uptake

Bright field Fluorescence Merged

0.5h

1h

2h

4h

10pm

8h

24 h

10 pm

Fig. S4 Bright field and fluorescence images of MCF-7 cells incubated in the presence of
TbsTCAS>—PEI nanogels (PEI 0.5 g/L) for different incubation times (0.5-24 h). [Tb] =25 uM.
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5. Inhibition studies on cellular uptake path

To elucidate the internalization pathway of GdsTCAS.—nanogels, an inhibition study was
conducted. It is well-established that nanomaterials are typically internalized via endocytic
pathways following interactions with the cell membrane [13]. When MCF-7 cells were
incubated with TbsTCASz.—nanogels ([Tb] = 25 uM) at a low temperature (4 °C) for 2 h, a
marked reduction in fluorescence intensity was observed compared to the condition at 37 °C

(Fig. S5), indicating that nanogels were uptaken by energy-dependent endocytosis pathways.

To investigate whether the uptake occurs via caveolae-mediated or clathrin-mediated
endocytosis, the cells were pre-treated with methyl-B-cyclodextrin (MBCD), a known inhibitor
of caveolae-mediated endocytosis [6], or sucrose, an inhibitor of clathrin-mediated endocytosis
[5]. After inhibitor treatment, the cells were incubated with TbsTCAS2>—nanogels for 2 hat 37 °C
(Fig. S6). In both cases, a noticeable decrease in green luminescence was observed compared
to untreated cells. Although the inhibition was incomplete, the results suggest that both

caveolae- and clathrin-mediated pathways are involved in the cellular uptake of the nanogel.

Bright field Fluorescence Merged

37°C

4°C

Fig. S5 Bright field and fluorescence images of MCF-7 cells incubated for 2 h in the presence
of TbsTCAS>»—PEI nanogels (PEI 0.5 g/L). Incubation at 37 and 4°C for 2 h in the presence of
Tb3TCAS>—PEI nanogels ([Tb] =25 uM).
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Bright field Fluorescence Merged

No Inhibition

Inhibition of
caveolae endocytosis

Inhibition of
clathrin endocytosis

Fig. S6 Brightfield and fluorescence images of MCF-7 cells incubated in the presence of
Tb3TCAS>—PEI nanogel (PEI 0.5 g/L) for 2 hours. Middle row: incubated with 10 mM Methyl-
B-cyclodextrin for 1 hour at 37°C, lower row: incubated with 0.45 M Sucrose for 30 minutes at
37°C. After inhibition, incubated with Tb3TCAS>—PEI nanogel ([Tb] = 25 uM) for 2 hours at
37°C.
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6. Analysis of Subcellular Localization

In Fig. S7a, the fluorescence images of the nucleus-staining dye Hoechst 33342 and TbsTCAS:
were merged into a single image and then overlaid with the fluorescence image of LysoPrime
Green, a lysosome-staining dye. This approach was adopted because both Hoechst 33342 and
TbsTCAS: are observed under the same UV excitation filter. In the merged image, Hoechst
33342 and TbsTCAS: were displayed in blue, while LysoPrime Green was shown in red. As a
result, partial overlap between the blue and red signals appeared as purple regions, suggesting
that the LnsTCAS>—PEI nanogel may be distributed within lysosomes. However, this method
assumes that no nanogels are localized in the nucleus, which is a potential limitation.

To address this, in Fig. S7b, the individual fluorescence components of Hoechst 33342 and
TbsTCAS: were separated and independently processed before overlaying. In this corrected
composite image, regions where the green luminescence of TbsTCAS: and the red fluorescence
of LysoPrime Green overlapped appeared yellow, while no significant overlap between the
green fluorescence of TbsTCAS: and the blue fluorescence of Hoechst 33342 was observed.
These findings support that the LnsTCAS—PEI nanogels are predominantly localized in
lysosomes. This conclusion is consistent with the results of the inhibitory study (Section 6),

which indicated that the nanogels are internalized via endocytosis.

Bright field

Bright field Nuclei Tb,TCAS,

Fig. S7 Subcellular localization of TbsTCAS>—PEI nanogels in MCF-7 cells. The nuclei were
stained with Hoechst 33342, and lysosomes were stained with LysoPrime Green. (a)
Fluorescence images of Hoechst 33342 and TbsTCAS. were combined into a single channel
and overlaid with the fluorescence image of LysoPrime Green. Hoechst 33342 and TbsTCAS::
blue; lysosomes: red. (b) Fluorescence signals of Hoechst 33342 and TbsTCAS: were separated
by extracting individual color components from their merged image and then overlaid with the
fluorescence image of LysoPrime Green. Hoechst 33342: blue; TbsTCAS:: green; lysosomes:
red.

Nuclei & Tb,TCAS, Lysosome

Lysosome Merged
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7. Cytotoxicity

As shown in Fig. 5B, the cell viability data was fitted with the four-parameter logistic curve (eq.
S3).

y = min + max—min (S3)

1+(2)’

Here, max and min represent the upper and lower asymptotes, respectively; ¢ denotes the x-

value at the midpoint of the curve where y = (max + min)/2, corresponding to the CCso (in

M); and b is the slope parameter that describes the steepness of the curve. For the fitting max

and min were fixed to 100 and 0, respectively. The obtained b and ¢ were 2.63 and 47.4 u M,

respectively

Bright field Dead cells

0uM

12.5 uM

25 uM

50 uM

100 uM

Fig. S8 Bright field and fluorescence images of live and dead MCF-7 cells incubated with
Gd3TCAS>—PEI nanogels at different Gd concentrations for 24 h.
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8. NCT efficacy
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Fig. S9 Cell viability was assessed based on the number of colonies, normalized to that of the
non-irradiated control sample. MCF-7 cells were incubated with Gd agents ([Gd] = 12 uM),
followed by removal of unbound Gd agents and subsequent irradiation with thermal neutrons
at the (a) downstream and (b) upstream positions. Neutron fluence is given in Table S1. “Control”
refers to cells incubated without Gd agents.

Table S4 Comparison of the NCT effect on cell viability using Gd;TCAS:-loaded ANP and
PEI nanogel. ¥

ANP PEI nanogel

(Ref. 13) (This work)
Viability of Control 71.7+3.3% 73.2 +3.8%
Viability in the presence of Gd agent 56.9 + 6.5% 63.6 +2.4%
Gd concentration during incubation / uM 50 12

a) All other experimental conditions, including the cell line (MCF-7), incubation time, and
neutron irradiation setup, were consistent between the two experiments.
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